Abstract-In this paper, we investigate different packet scheduling techniques applied in MIMO to maximize spectral efficiency and to provide fairness among users. We investigate the performance of various schemes based on exploiting the VBLAST (Vertical Bell Labs Space Time) architecture and Proportional Fair (PF) scheduling. New algorithms using MIMO antennas and the VBLAST architecture are proposed to improve the performance of the PF scheme. Computer simulations are conducted to compare the different scheduling schemes in terms of cell throughputs and outage capacities. The degree of fairness (in terms of time delay and data rates) among the users for these schemes is also investigated.
I. INTRODUCTION
Multiple-input multiple-output (MIMO) systems have been proven to be efficient for achieving high capacity over wireless links [1] . In MIMO systems each data stream is split into multiple substreams, and each of these substreams is transmitted through one of the transmit antennas [2] . In multiuser environments, independence of fading among users, called multiuser diversity [3] , can be exploited to increase the system capacity. Motivated by information theoretic results one approach to increase the throughput of multiuser systems is to take advantage of the independence of the fading statistics of the different users [4] . This requires a packet scheduler to preferentially allocate radio resources to users in good channel conditions. Two critical targets of packet scheduling are to maximize the system capacity (throughput) and to offer fairness among users. In [3] , the scheduling scheme maximizes the system capacity through the use of multiuser diversity. Specifically, each spatial channel is allocated to a user with the best channel condition for each time slot. Therefore, some users in adverse channel conditions may not be served, causing unfairness among users. In [5] , the round robin scheduling (RRS) scheme was studied for MIMO cellular systems operated in a cyclic fashion regardless of the channel conditions, and thus achieves fairness among users. However, the RRS scheme, does not use multiuser diversity, resulting in the same capacity as a single user system. In order to exploit the multiuser diversity and at the same time maintain fairness across the users, two other scheduling schemes have been proposed. In [6] the antennaassisted round robin scheduling (AA-RRS) scheme has been proposed. This is an improved RRS scheme that exploits multiple antennas to achieve a diversity effect from multiple users. The opportunistic scheduling in [7] uses multiple antennas and a proportional fair scheduler (PF). The PF scheduler assigns a user for transmission when its instantaneous channel capacity is high relative to its average channel condition. As such, the benefit of multiuser diversity can be exploited and fairness among users can be maintained. In this paper, we propose several scheduling schemes, based on the PF scheme. The rest of this paper is organized as follows. In Section II, we present the system and channel models for a MIMO cellular system and explain the VBLAST architecture and the data rate feasibility concept are explained. In Section III we present a few implementations of the PF scheme, specifically, the AA-PF-MMSE single, AA-PF-MMSE multi, AA-PF-VBLAST single, AA-PF-VBLAST multi and AA-PF-VBLAST multi fair schemes. In Section IV, the simulation model and results are presented to compare the proposed and existing packet scheduling schemes, and to investigate the effects of spatial correlation. Finally, conclusions are drawn in section V.
II. SYSTEM MODEL
In a simplistic model for the downlink of a single cell MIMO cellular system a single base transceiver station (BS) communicates with K mobile stations (MSs). The BS has N T transmit antennas while each user has N R receive antennas. A queue of packets is stored at the BS for each of the K users. The BS serves the users in a time division fashion, and the K users are distributed uniformly over the circular cell area. At the BS, the transmit power is equally divided into transmit antennas, and the receiver of each user estimates transmitted symbols destined for that user using the VBLAST detector [8] with minimum mean-squared error (MMSE) nulling [6] .
In such a MIMO system, each transmit antenna creates a spatial channel [3] , resulting in a total of N T spatial channels for each time slot. The receiver estimates the post-detection signal-to-interference-plus-noise ratio (SINR) for each transmit antenna, and passes the SINR information back to the BS. The packet scheduler at the BS determines which packet to transmit through which transmit antenna. In our work we adopt the block-fading model [9] , as it provides a first-order approximation to the continuously time varying channel, and it is simple enough to be mathematically tractable. Thus, the channel is assumed to be fixed during a time slot, and to vary independently over time slots. The channel matrix H H H k (t) between the BS and the user k for a time slot t may be expressed as
where SN R 0 denotes the median SNR at the cell boundary, r k is the distance between the BS and the user k, a DL is the path loss exponent, and S k (t) is a real Gaussian random variable that models shadowing effects with zero mean and standard T denote the vector of unit power transmit symbols, then the corresponding received N R -vector at user one for example is:
where v is a noise vector with components drawn from an i.i.d.
(independent identically-distributed random variables) widesense stationary zero mean process with variance N 0 .
A. Minimum Mean Squared Error Detector (MMSE)
The MMSE detector [10] can be obtained if a linear transformation is sought which minimizes the mean square error between the transmitted symbols and the outputs of the transformation. The detector is represented by an N T × N R matrix C MMSE which minimizes:
If the background noise covariance N 0 > 0 then the MMSE detector may be represented by
where (•) H denotes the conjugate transpose, and I I I NR is the N R × N R identity matrix. The MMSE estimate can be calculated by the following equation [11] 
B. VBLAST Detection Algorithm
In this section we give a brief description of the VBLAST detection algorithm [2] . Let the ordered set
be a permutation of the integers 1, 2, ..., N T specifying the order in which components of the transmitted symbol vector a are extracted. The detection algorithm operates on r 1 , progressively computing decision statistics y k1 , y k2 , ..., y kN T , which are then sliced to form estimates of the underlying data symbolsâ k1 ,â k2 , ...,â kN T . Thus, decision statistic y k1 is computed first then y k2 , and so on. To determine a particular ordering S opt which is optimal in a certain sense we apply an optimum criterion For now we assume an arbitrary ordering S and weight vectors w ki . The detection process uses linear combinational nulling and symbol cancellation to successively compute the y ki . In this paper we have used the mean-squared error (MMSE) [10] criterion to compute the nulling vectors. The nulling weight matrix W W W k (t) for the MMSE filter of user k is given as
The post-detection SINR (γ k,n (t)) for the channel corresponding to the nth transmit antenna and the kth user, is defined as the SINR of a transmit symbol after symbol cancellation and MMSE nulling, and it may be expressed as
where D D D k,n (t) denotes a vector, whose elements are the transmit antennas that have been detected by user k before the detection of transmit antenna n.
where d k,i (t) denotes the index of the detected antenna from user k during the ith iteration of the VBLAST detection algorithm. If the transmit antenna n is detected by user k during the (l+1)th iteration of the VBLAST detection algorithm, then last element of the vector
, which is the index of the transmit antenna that has been detected by user k during the lth iteration of the VBLAST detection algorithm. The requirement that {m = n, m / ∈ D D D k,n (t)} ensures that the interference from already detected components of a transmitted signal are subtracted out from the received signal vector, resulting in a higher post-detection SINR.
C. Capacity
When the kth user is selected at time slot t, the system capacity C(t) for that time slot may be expressed as [11] :
where γ k,n (t) denotes the post-detection SINR for the channel corresponding to the nth transmit antenna and the kth user.
D. Feasible data rates
One constraint for VBLAST is that the data rates should be feasible. In short, the assumed data rates have to be smaller than the capacities of the wireless links. In the VBLAST algorithm, a signal must be detected successfully for it to be subtractively cancelled. This leads to additional capacity constraints compared to the MMSE detector. If these constraints are not met, the VBLAST detectors would not be able to detect the transmitted signals.
As an example, we consider the scenario of a single cell MIMO cellular system. Assume that after VBLAST detection we have a "candidate" allocation that maximizes the overall system capacity. User 1 is assigned to the 1st transmit antenna and user 2 is assigned to 2nd transmit antenna. To accept this "candidate" allocation, the assumed data rates, as derived from VBLAST detection, have to be smaller than the capacity of the wireless links. The VBLAST detection order may be integrated into a matrix and in our example the detection matrix is:
The 1st user has to be able to decode only the 1st signal (from Tx 1), because the signal for the 1st user is detected first. That means that the data rate of the 1st signal has to be smaller or equal to the capacity of the wireless link connecting antenna 1 of the BS to the 1st user:
If we apply equation (10) to the capacity of the wireless link of the 1st user we have :
The 2nd user has to be able to decode the first antenna followed by the second antenna. The 2nd antenna signal is intended for the 2nd user, but the 2nd user has to be able to decode the 1st antenna's signal first, in order to be able to decode the 2nd signal. That means that the data rate of the 1st signal has to be smaller or equal to the capacity of the wireless link connecting the BS to the 2nd user. The 1st signal received by the 2nd user is the signal for the 1st user, which means that the data rate of the 1st user has to be smaller or equal to the capacity of the wireless link of the 2nd user. Thus, we have :
If we apply equation (10) to the capacity of the wireless link of the 2nd user we have :
In order for equations (11) and (13) to be satisfied simultaneously we must have
The feasible system capacity is C ov = C1 + C2 =>
These equations can easily be generalised to the case of K users and N T transmit antennas.
III. PROPORTIONAL FAIR SCHEDULING SCHEMES
In this section, we will introduce the variants of the PF algorithm that are considered in this paper.
A. Antenna Assisted Proportional Fair VBLAST single (only one user each time slot)
The antenna assisted proportional fair VBLAST single (AA-PF-VBLAST single) scheme is a direct implementation of the PF scheme in the case of MIMO wireless links. Originally the PF scheme has been proposed for SISO (single-input single-output) and SIMO (single-input multiple-output) systems ( [12] ). When multiple input and multiple output systems achieve spatial multiplexing, multiple spatial links are created at each time slot [3] . Different information symbols can be transmitted through these multiple spatial links during the same time slot. As a result, the data rate DRC i of user i is represented by the sum of the data rates of the N T spatial links for that user
where R k,n (t) denotes the data rate of the nth spatial channel for the kth user at the tth time slot. In the AA-PF single scheme (like all PF schemes) the scheduler selects the mobile with the highest ratio DRC i (t)/R i (t). This can be expressed as
where k(t) denotes the user selected to be served at the tth time slot, DRC i (t) is the instantaneous data rate experienced by user i if it is served by the packet scheduler, and R i (t) is the average data rate (or average throughput) received by the mobile over a window of an appropriate time duration. The computation of the user throughput R i (t) is given from the following equation
(19) where DRC k (t) is given from the following equation in the case of a MIMO multiuser system, where each receiver is equipped with VBLAST detector.
where γ k,n denotes the post-detection SINR for the channel corresponding to the nth transmit antenna and the kth user, and it is given in equation (8).
B. Antenna Assisted Proportional Fairness VBLAST multi (more than one user per time slot)
In MIMO systems based on spatial multiplexing, the transmit antennas could be allocated to more than one user in each time slot. Exploiting this advantage by packet scheduling is the basic idea of the antenna assisted proportional fairness multi scheduling algorithm (AA-PF multi). The aim is to enhance the performance of the PF scheme by combining the multiuser diversity offered by the PF scheduler and spatial diversity offered by MIMO antenna technology. In the AA-PF multi scheme, transmit antennas can be allocated to more than one different user at each time slot, and the scheduling process is performed in N T sequential stages. At each stage, one transmit antenna is allocated to the user that experiences the best channel conditions in the proportional fair sense, and the average data rates of users are calculated according to the allocation decisions. The scheduler assigns the mobile to the antenna that gives the highest ratio DRC i,n (t)/R i,n (t) at the time slot t :
The computation of the user throughput R i,n (t) is given from the following equation
where DRC k,n (t) is given from the following equation
where γ k,n is given from equation (8).
C. Antenna Assisted Proportional Fairness VBLAST multi fair (one user per antenna)
In the AA-PF-VBLAST multi fair scheme, one user is not allowed to be assigned to multiple antennas. This constraint is meant to improve the fairness among the users, allowing more users to be served in each time slot. According to AA-PF-VBLAST multi scheme, the scheduler assigns to each antenna the best user in the proportional fair sense (for the spatial channel between this user and the corresponding transmit antenna). In practice for every time slot, there is always one user that is closer to the base station and this user establishes the best channels between himself and most of the base station's transmit antennas. This phenomenon leads the scheduler to assign the most of the antennas to same user. This is why the AA-PF-VBLAST multi fair scheduler does not allow more than one transmit antenna to be allocated to the same user. The AA-PF-VBLAST multi fair algorithm is the same as the AA-PF-VBLAST multi (section III-B), apart from the constraint that each time slot no more than one antenna may be assigned to the same user:
IV. SIMULATION RESULTS
In this section, the system capacities of different scheduling schemes are compared by computer simulations. The capacity is calculated from equation (10) for 20,000 random realizations of the channel matrix in equation (1) . To evaluate equation (10) for each channel matrix, the post-detection SINR values and the corresponding weight matrix of the receiver are computed using equations (8) and (7), respectively, under the assumption that MMSE nulling is employed. The expected capacity is defined as the capacity averaged over all possible channel realizations, and the x% outage capacity is defined such that the probability of the capacity at a time slot being less than the value is x%. The path loss exponent a DL and log normal deviation of shadow fading σ S in equation (1) are assumed to be 3.7 and 8dB respectively. Unless explicitly specified, the channel matrix coefficients in G G G k (t) assumed to be uncorrelated with each other. The performance of the AA-PF-VBLAST single scheme and the AA-PF-VBLAST multi scheme, is shown in Fig. 1 . In terms of average system capacities, the "multi" scheme is offering a 30% gain over the respective "single" scheme, for a system with 20 simultaneous users. The gain due to the "multi" scheme for the 10% outage capacity is 61% over the "single" scheme and the respective gain on 1% outage capacity is 420%. Fig. 2 presents the performance of the AA-PF-VBLAST multi scheme and the AA-PF-VBLAST multi fair scheme in terms of system capacities for a (4,4) MIMO system. The transmit power is fixed to give 0 dB at the cell boundary (SN R 0 = 0dB). First of all, note that for less than N T (=4) users both schemes manifest exactly the same performance. For any number of active users more than N T , the fairness constraint imposed by the AA-PF-VBLAST multi fair scheme leads to a degradation of the system performance. Specifically, for 20 users, there is a 58% decrease in terms of the system capacity due to the AA-PF-VBLAST multi fair scheme. A similar degree of degradation is observed for the outage capacities. The explanation for the degradation in cell throughput due to the AA-PF-VBLAST multi fair scheme, is that for any time instant t there would not be in practice more than two users experiencing good channel conditions at the same time. This means that in a (4,4) MIMO system the "fair" scheduler will serve two users with good channel conditions and two others with much poorer channel conditions. This assignment will be at the expense of the system throughput. In Fig. 3 the graph depicts the average data rates of each (different) user in the SUG of a (4,4) MIMO system, with 20 simultaneous users, normalized by the system capacity. The purpose of this graph is to show how the system capacity available in each time slot is shared by the users. The AA-PF-VBLAST multi fair scheme provides a higher level of fairness among users. Namely, in each time slot the AA-PF-VBLAST multi fair scheduler allocates the system capacity among N T users (in our system there are N T = 4 transmit antennas). On the other hand, the AA-PF-VBLAST multi scheduler in practice serves only 2 users at each time slot, allocating 92% of the system capacity to the first user and the other 8% to the second.
A. Results

V. CONCLUSIONS
The most important conclusions are summarized in the following points:
• The AA-PF-VBLAST multi scheme offers the highest average and outage cell capacities.
• The AA-PF-VBLAST multi scheme provides better cell throughput than the AA-PF-VBLAST single scheme. Specifically, for a system where the mobile users are more than min(M, N ), the gain because of the AA-PF-VBLAST multi scheme is reaching its peak.
